Abstract. Semi-endogenous models and, to some extent, also Schumpeterian models are based on the assumption of diminishing returns to R&D. This paper shows that the null hypothesis of constant returns to R&D cannot be rejected for the OECD countries.
Introduction
Semi-endogenous models of economic growth have been motivated by graphical evidence of a decline in R&D productivity in the USA (Kortum, 1993 , Griliches, 1990 , 1994 , and Manchlup, 1962 and in the UK, Germany and France over the period 1970 -1990 (Everson, 1993 .
Schumpeterian theories of endogenous growth have, to some extent, also been motivated by diminishing returns to R&D by assuming that innovations are spread over a larger variety of products and, therefore, that there is a tendency for decreasing returns to R&D (Aghion and Howitt, 1998, Ha and Howitt, 2005) .
One may, however, question the general validity of diminishing returns to R&D because R&D productivity has picked up in the OECD countries since the mid 1980s and some industrialised countries have even experienced increasing returns to R&D over the whole period for which data are available. Using new historical data sets, this paper shows that the null hypothesis of constant returns to R&D cannot be rejected.
Returns to R&D in endogenous growth models
Consider the homogenous Cobb-Douglas production function:
where Y is output, A is knowledge, K is capital and L is labour. The growth in knowledge is governed by the following function:
where Q is product variety and
⋅ , where γ is a fixed parameter which takes the value of 0 in semi-endogenous models and -1 in Schumpeterian models. The productivity adjustment of R&D in Schumpeterian models allows for the possibility that innovations are increasing in complexity (Aghion and Howitt, 1998, Ha and Howitt, 2005) . Product variety, Q, is usually measured by employment or population, as each worker is assumed to have the same propensity to imitate (Aghion and Howitt, 1998) The Schumpeterian models by Aghion and Howitt (1998) , Dinopoulos and Thompson (1998), Howitt (1999) , and Peretto (1998) maintain the assumption from the first generation endogenous growth models of constant returns to knowledge, 1 φ = , however, the output-effects of knowledge are diluted by dividing R&D by A. In the semi-endogenous models by Jones (1995) , Kortum (1997) , and Segerstrom (1998) an increasing growth in R&D inputs is required to maintain a sustained TFP growth due to the assumption of diminishing returns to knowledge.
The returns to R&D in the second generation models of endogenous growth are as follows.
Setting σ = 1 (1) can be written as: German pre-1948 R&D data are constructed from publicly financed R&D data and multiplied by a constant to match up to the total R&D data in 1948. The omission of R&D funded by industry before 1948 is unlikely to bias the data significantly. In 1948 industry funded R&D was 17% of total R&D in Germany and the fraction has increased significantly since then, indicating that 2 The parameter σ is usually restricted to one in empirical applications. See for instance Zachariadis (2004) .
industry financed R&D was probably relatively low back in history. R&D is deflated by an unweighted average of the GDP deflator and hourly labour costs following Griliches (1984) . The data sources are detailed in the data appendix.
The research output is measured as patents applied for by domestic residents. Patents granted are less useful than patent applications for international comparisons because the granting frequency varies substantially across countries (Griliches, 1990) . Patents granted are only used for illustration in the graph for the G21 countries below. Patents applied for abroad by residents are excluded from the data because they are predominantly duplicates of domestic patent applications (OECD, 2003) . Patents are usually first applied for domestically and if the patent is granted, the patentee files one or several patent applications abroad (OECD, 2003) . The same patentable item is, consequently, counted multiple times if foreign patents are added to domestic patents. R&D productivity swings over time on low frequencies and that there is no clear sign of diminishing returns to R&D in the long run, particularly if it is taken into account that informal or unrecorded R&D activity has been diminishing over time. Schmookler (1957) finds that most of the innovative activity back in time in the USA was an informal activity undertaken by individuals and, as such, was not accounted for as R&D expenditures in the statistics, and that the fraction of inventions by individuals has been diminishing over time. Therefore, the declining R&D productivity over the very long run for Germany is probably aggravated.
This path for Germany is consistent with the time-series evidence by Machlup's (1962) Schmookler's definition of technological workers includes, among several other professions, managers, bricklayers, plumbers, blacksmiths, designers, painters, builders, tailors, and photographers. These professions would not be considered as R&D workers in the definitions used by the OECD and UNESCO.
The last of the figures (bottom right-hand-side) shows R&D productivity for countries that have not followed the inverted hump shape of the other G21 countries. Japanese R&D productivity increased during the period 1953-1985 and has since stabilised at a constant level. Norwegian R&D productivity has remained almost constant over the period , after which it has doubled.
Finally, R&D productivity has been hump shaped in Ireland and is today almost at the same level as in 1965. Overall the figures suggest that R&D productivity shows low-frequency movements and that there is no clear evidence of decreasing or increasing returns to R&D.
As shown in Section 2 the two second-generation models imply that A & /R&D decreases over time.
This section tests the hypothesis that A & /R&D is stationary and, therefore, unrelated to Q and A.
Denoting patents by Pat, yields the following equation defined under the hypothesis of stationarity:
where ε is an error term that is stationary under the hypotheses of the absence of diminishing returns to R&D or that R&D is spread over a larger variety of goods. Comparing of (2) and (3) it follows that ε is only stationary if 0 φ γ β + = = . -20.6 are the 1% level. The Newey-West method is used to remove the serial correlation from the residuals and the length of the truncation lag is the order of the highest significant lag order from the autocorrelation function. ADF: A constant but no trend is included in the tests. The critical values are -2.86 at the 5% level and -3.43 are the 1% level Table 1 reports the Phillips-Perron (Phillips, 1987, and Perron, 1988) Pat/R&D contains a unit root is strongly rejected for the panel. Overall, the tests indicate that the null hypothesis of non-constant returns to R&D is easily rejected.
Concluding remarks
The empirical results of the paper show that the hypothesis of constant returns to R&D cannot be rejected for 21 industrialised countries and, therefore, challenge the conventional wisdom of diminishing returns to R&D or that R&D is diluted due to an increasing variety of products as the economy grows. The statistical results were supported by graphical evidence which showed that diminishing returns to R&D have been limited to some countries and certain periods in history, particularly the 1960s. The results imply that the assumptions underlying Semi-endogenous growth theories cannot be maintained and that Schumpeterian theories have to relax the assumption that R&D is spread over an increasing range of goods as the economy is growing to be consistent with the empirical evidence. 
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